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ABSTRACT

Southern pine and aspen flakes were acetylated with acetic
anhydride alone wthout cosolvent or catalyst by a sinple dip
procedure. The new procedure greatly shortens reaction tine and
simplifies chemcal recovery. Acetylation weight gains of 15% to
20% can be achieved in 1 to 3 hours with southern pine flakes and
in 2 to 4 hours with aspen flakes.

Fl akeboards nade from acetyl ated southern pine or aspen
flakes absorbed much less water, both in water-soaking tests and
when subjected to hunid air, and swelled at a lower rate and to
a lower extent than did control boards.

Hygroscopicity of the resulting flakeboards decreased with
increased level of wood acetylation. The equilibrium noisture
content (EMC) for flakeboards made from acetylated flakes was | ower
at each relative humidity tested than that of control boards.
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| NTRODUCTI ON

Acetyl ation of both solid and reconstituted wood products
has been shown to be effective in reducing swelling in water ?
t hrough the bul king action of the acetyl group bonded to the
cell wall polymers. Acetylation has been studied nore than
any other chemical reaction of wood. Despite such efforts, no
comrerci al applications have yet been realized for the acetylation
of wood. Two attenpts, one in the United States in 1961 3and one
in USSR in 1974 47
di scontinued, presumably because they were not cost-effective.

came close to consnercialization but were

All of the procedures to acetylate wood devel oped over the
years have been conplicated reaction schemes using either a
catalyst or an organic cosolvent and have required long reaction
times. Wood flour and sawdust were first acetylated in 1928 by
Fuchs ,6 Horn, ! and Suida. 8 Fuchs and Horn acetylated with acetic
anhydride with sulfuric acid as catalyst. Suida used acetic
anhydride-pyridine mxtures. In 1930 Friese ’ used a mxture
of acetic acid-acetic anhydride catalyzed with sulfuric acid to
acetylate powdered wood at room tenperature.

The first acetylation of whole wood was done in 1946 by
Tarkow et al. using acetic anhydride with pyridine as

10,11 In the sanme year, Ridgway and V&llington used

12

catal yst.

acetic anhydride with zinc chloride as catalyst.
The reaction between wood and acetic anhydride is acid-

or base-catalyzed, and nmany catalysts have beew tried including

13 i met hy! f or nani de, 141516
17,18, 19

potassi um and sodi um acetate,

15

urea-ausnoni um sul fate, magnesi um perchl orate,

trifluoroacetic acid, 17 boron trifluoride, 14 and y-rays. 20
Many of these procedures use a strong nmineral acid or acid

salt as a catalyst. These cause hydrolysis of the carbohydrate

polymers resulting in damage to the wood structure. Wen

pyridine or dinmethylformamide are used as a catalyst, carbohydrate

degradation does not occur, but both of these are difficult to

separate from the excess acetic anhydride and byproduct acetic acid

after acetylation. The smell of pyridine or dinethylformnide can
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never be completely removed from the wood because they are strongly
sorbed by it. Al of these procedures call for reaction tinmes of
12 to 24 hours.

In 1961, Goldstein et al. published a new procedure which
elimnated the use of a catalyst.21 They acetylated boards with
a mxture of acetic anhydride and xylene. This reaction scheme
called for a reaction time of 8 to 16 hours

Several vapor phase acetyl ation procedures have al so been pub-
lished. Klinga and Tarkow acetyl ated whol e hardboards with uncat-

22 The board contai ned al um num sul fate

al yzed acetic anhydride
which may have acted as a catalyst. Arora et al. acetylated thin
slices or particles of wood with acetic anhydride-pyridine vapors.
The authors acetyl ated wood flakes and particles wth uncatal yzed
acetic anhydride before board formati on, 2% 2 Youngqui st et al
used the acetic anhydride/xylene treatnent in a vapor systemto

acetylate wood flakes. 28 House et. al. acetyl ated wood fibers by

23

spraying with acetic anhydride and heating.27

Because of the conplexities of the reactionlrecovery systens
and the length of reaction time, none of these acetylation schemes
has gone beyond |aboratory scale. The purpose of the present re-
search was to devel op a sinple acetylation procedure which could be
used to acetylate hardwood and softwood flakes. To acconplish this
a new procedure nust (1) elimnate both catalyst and organic co-
solvent, (2) reduce the reaction time necessary to achieve a leve
of acetylation that will give a high degree of dinensional stabili-
zation tothe resulting boards, (3) shorten and sinplify the
chenical recovery after reaction. Flakeboards were nade from
flakes acetylated by the new procedure and were tested for
dimensional stability in liquid water and water vapor.

EXPERI MENTAL

Wood Fl akes

Southern pine and aspen flakes were used in this study.
(Although different techniques were used for generating flakes,

there should be no difference in a chemical reactivity between
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ring- and disk-cut flakes.) Al flakes were retained

on a 0.6-cm screen. They were ovendried for 24 hours at 105°C
before use. Size of flakes (thickness x length x width (cm):
Southern pine: 0.05 x 6.4 x random aspen: 0.06 x 3.8 x random

Reaction of Flakes with
Acetic Anhydride

The ovendried flakes (200 g) were placed in a stainless
steel mesh container. The container was dipped into a tank con-
taining acetic anhydride for 1 nin, renmoved fromthe treating tank,
and drained for 3 min. Dipping and draining were done at 25°C.
The container with the flakes was placed in a preheated (120°C)
stainless steel reactor for various lengths of time. After the
reaction time was conpleted, a vacuum was applied to the cylinder
(-0.003 MPa) for 2 hours at 120°C. A condenser on the bottom of
the reactor was used to collect excess acetic anhydride and
byproduct acetic acid. The flakes were then ovendried at 105°C
for 12 hours. The weight percent gain (WPG due to acetylation
was cal cul ated based on the weight of ovendried (O D.) unreacted
flakes.

Leachi ng and Acetyl Content
of Acetylated Flakes

Vi ghed ovendried flakes, both acetylated and untreated, were
| eached under three conditions: (1) 14 days in distilled water at
24°C (changing water every 24 hrs), (2) 2 hrs in a Soxhlet extractor
with refluxing water or (3) 2 hrs in a Soxhlet extractor with
refluxing toluene/ethanol (1/1, v/v). After reovendrying, weight
| oss was determned.

Acetyl content was obtained by gas chromatography following
deacetyl ation of ground and mixed sanples wth sodium hydroxide
sol ution.

Fl akeboard Preparation

Acetylated or untreated flakes (180 g, O D.) were pressed
into boards approximately 1.25 x 15 x 15 cmin size. 26 Each board
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was made with a density of approximtely 640 kg/mBV\n'th aresin
solids content of 6% (based on O D. treated flakes). The adhe-
sive used was a 43.5% aqueous sol ution of a phenol/fornal dehyde
resin. No catalyst or wax was added. The mat noisture content
was 12% to 13% Pressing lasted for 10 min at 177°C

Each fl akeboard was lightly sanded, and four pieces
(5 x 5cm were cut out, ovendried, and wei ghed. The thickness
was neasured at the center point of each specinen, and subsequent
measurenents were taken at the same point.

TESTS CONDUCTED

Water Swelling Rate Tests

Each test specimen was placed in a 10- x 10-cm contai ner,
5 cmdeep. The container was on a flatbhed nmicrometer for the
thi ckness neasurenents. \Water was added to the container and the
thi ckness recorded as a function of time. Measurements were
taken every 5 nin for the first hour, every hour for the first
6 hours, then once a day for 5 days. Al water and humidity tests
were done in duplicate.

Wat er Soaki ng Tests

Cyclic water soaking tests were run as previously described. 28

Each of six cycles consisted of water soaking for 5 days fol |l owed
by ovendrying at 105°C for 2 days. Thickness swelling was calcu-
lated as a percentage of the original thickness (0.D. board).
After each cycle, the specinens were reweighed. The overall

wei ght 1 oss was deternmined fromthe original and final ovendried
wei ghts. Wi ght increase due to water sorption was deternined
after each soaking. The specinmens were renoved from the water,
wi ped of excess water, and weighed. The percent weight increase
due to water sorption was based on the original weight of the
ovendried board.
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Hum dity Tests

Ovendried speci nens were placed in constant hunidity roons at

30% 65% and 90% relative humidity (RH) and 27°C. After 21 days
the specimens were weighed to determine the equilibrium noisture

content (EMC). Previous work showed that EMC for control and
acetylated boards was reached at 14 days.

Separate specinens were placed in a hunmidity room of 30%H
and 27°C.  Thickness and wei ght were determined after 21 days. The
speci mens were then placed in a humdity room at 90% RH and 27°C
for another 21 days, whereafter thickness was determned. This
procedure was repeated for a total of four cycles of 30%to 90%H.
The specinmens were then ovendried and thickness nmeasured. Changes
in thickness were calculated as a percentage of the original
thickness (o.d. board).

RESULTS AND DI SCUSSI ON

Because of the limted nunber of specinmens per individual
test or treatnent |evel, statistical analysis of the data was
not appropriate. The results presented here should be considered
as indicative of trends that a larger, statistically valid experi-

ment should confirm

Reactivity

During the I-rein dipping tine in acetic anhydride and 3 nin
draining tine, southern pine flakes sorbed about 100% in weight
and aspen flakes about 150% A longer dipping time or draining
time did not increase the weight gains.

Wei ght percent gain fromacetylation as a function of reaction
time for southern pine and aspen flakes is shown in Figure 1.
Southern pine reacts faster than aspen. Previous research24' 2 has
shown that for southern pine, a WPG above 17 is desirable and can be
achieved in 1-1/2 hours. For aspen, a WPG above 15 is desirable
and was achieved in about 2-1/2 hours.
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FI GURE 1 Degree of acetylation of southern pine and aspen
flakes as a function of reaction tine.
O Southern pine, ® Aspen. (M85 5502)

Leaching Tests

Water |eaching of unreacted and acetylated flakes at 24°C for
14 days and at reflux for 2 hours resulted in very | ow weight
| osses (Table 1). A slight loss in acetyl content resulted from
wat er | eaching. Leaching in refluxing tol uene/ethanol caused
considerably nore loss of weight but not of acetyl content. This
means that whatever is extracted fromthe flakes has about the sane

acetyl content as the remaining wood.

Liquid Water Tests

The rate of swelling of southern pine flakeboards made from
acetylated flakes is shown in Figure 2. During the first 60 rein,
control boards swelled over 35%in thickness while the board nade
from flakes acetylated to 21 WPG swelled less than 4% During
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FIGURE 2 Rate of swelling in liquid water of southern pine

flakeboard made from acetylated flakes.
0 Control, + 6.0 WPG, X 10.4 WPG, A 14.8 WPG,

V 18.4 WPG, O 21.1 WPG.

5 days of water soaking, the control
while the 21 WPG board swelled about

(ML85 5495)

6%

board swel | ed about 45%

Acetylation of aspen flakes resulted in a nore dramatic
reduction”in the rate of swelling of the resulting aspen boards

(Fig. 3).

swel led |ess than

During the first 60 nin, control
t hi ckness while the board made from flakes acetylated to 17.9 WPG

2%

boards swelled 55%in

During 5 days of water soaking, the control
board swelled over 66% while the 17.9 WPG board swel | ed about

6%

Thi ckness changes in the repeated water soaking tests for
southern pine flakeboards are shown in Figure 4.

The board nmade

fromflakes acetylated to 6 WPG swelled simlarly to the control

boar d.
at WPGS above 10.

For all

sanpl es the increase in swelling was

Consi derabl e reductions in thickness swelling were observed
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FIGURE 3 Rate of swelling in liquid water of aspen flakeboard
made from acetylated flakes. O Control, + 7.3 WPG,
X 11.5 WPG, A 14.2 WPG, O 17.9 WPG. (ML85 5494)

greatest in the first four cycles; only a small increase in
swel ling occurred in the last two cycles

Acetyl ation of aspen flakes to 7 WPG gave a consi derabl e
reduction in board swelling as conpared to control boards (Fig. 5)
There was nmore swelling in aspen control boards (al nost 80% than
in southern pine control boards (about 60%.To achieve maxi mum
board stability in six cycles of water swelling, a weight gain of
about 18% was needed, whereas about 21 WPG was needed for southern
pi ne.

I ncreases in weight due to liquid water sorption are shown
in Figures 6 and 7. Southern pine control board increased 120% in
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Change in thickness in repeated water swelling test of
southern pine flakeboard made from acetylated flakes.
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vV 18.4 WPG a 21.1 WPG (ML85 5501)

wei ght while the board made from flakes acetylated to 21 WG took
up less than 60% water. Aspen control boards increased over 130%
in weight while the board made fromflakes acetylated to 17.9 WG
took up less than 70%

Wi ght | osses deternined after conpletion of the six-cycle

wat er soaking tests are shown in Table 2. These |osses, along
with weight lossin a 2-week continuous water soaking teSt of

fl akeboards, also shown in Table 2, are larger than the | osses

that occurred with flakes (Table 1) in simlar tests. This means

that there was a slight |oss of adhesive during the water soaking
test of flakeboards.

437
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FIGURE 7 Weight increase due to liquid water sorption of
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TABLE 2
Wi ght Losses from Water Soaking of Fl akeboards bade From
Acetylated Flakes

Weight loss after--

1 2-week continuous Six-cycle water
Specimen WPG™ water soaking (25°C) soaking/ovendried tests
___________ R
Southern pine O 2.3 3.7
6.0 2.2 2.5
10.4 2.0 2.8
14.8 1.8 2.1
18.4 1.6 2.1
21.1 1.6 2.0
Aspen 0 2.8 3.2
7.3 2.6 2.8
11.5 2.4 2.6
14.2 2.0 2.3
17.9 2.0 2.4

1V\éight percent gain.

Hum dity Tests

Tabl e 3 shows that for both species, at each RH tested the EMC
decreased as the weight gain due to acetylation increased. The EMC
for southern pine was reduced about 50% at the highest WPG while
for aspen the EMC was reduced about 30% at the highest WPG tested.

Figures 8 and 9 show the thickness change at 30% and 90% RH
of boards made from nonacetylated and acetylated flakes. For both
species the extent of swelling decreased as WPG was increased.

In both the repeated water soaking and humidity tests, irre-
versible swelling was evident in the early cycles. This was much
more so in control boards. Irreversible and reversible swelling
were consi derably reduced in boards made from acetyl ated fl akes.
There was al ways some increase in pernmanent swelling, however, even
during later cycles, and this was nore proninent for control boards



Equilibrium Moisture Content (EMC) of Acetylated Southern Pine and Aspen
Flakes and Flakeboards Made From Acetylated Flakes at Various
Relative Humidities (RH)

EMC at--
30% RH 65% RH 80% RH 90% RH

Sample WPGl Flakes Board Flakes Board Flakes Board Flakes Board
Southern pine 0 5.8 4.5 12,0 10.3 16.2  14.5 21.7  20.1
6.0 4.1 3.3 9.2 7.9 12.8 11.8 17.5  16.7

10.4 3.3 2.7 7.5 6.9 16.3 10.3 14.4  14.9

14.8 2.6 1.6 6.0 5.7 8.8 8.7 11.6 12.9

18.4 2.3 2.3 5.0 5.3 7.1 8.9 9.2 12.7

21.6 1.7 2.1 4.3 5.1 6.1 9.0 8.1 11.5

Aspen 0 4.9 3.8 11.1 8.6 15.3  13.2 21.5 19.0
7.3 3.2 2.8 7.8 7.3 10.7 11.0 15.0 16.1

11.5 2.7 2.2 6.9 6.5 9.2 10.1 12.9 15.8

14.2 2.3 2.1 5.9 6.2 7.9 9.4 11.4 14.4

17.9 1.6 1.8 4.8 5.5 6.7 9.2 9.4 13.6

1Weight. percent gain.
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and boards made from acetylated flakes with |ow WPGs. This was
probably caused by adhesive and wood failures resulting fromthe
harsh test conditions

SUMMARY AND CONCLUSI ONS

We set out to develop a rapid acetylation method for wood
flakes which elimnated both catalyst and organic cosolvent. The
procedure described had these qualities and also greatly sinplified
the handling of flakes before and during acetylation. The snal
size of the flake permtted quick sorption of acetic anhydride and
a short drainage tine renoved nmost of the excess

Elimnating the organic cosolvent increased the rate of
acetyl ation. Since the organic cosol vent does not swell the wood
cell wall or aid in the acetylation, it is only a diluent effec-
tively, decreasing the available acetic anhydride. As conpared
to earlier results fromacetylation with refluxing acetic
anhydride/xylene,24’25 the reaction time has been decreased to
one-third for southern pine and one-fifth for aspen (i.e. to
achieve 15 WPG in refluxing acetic anhydride/xylene, 3 hours
reaction tinme was needed for southern pine and 12 hours for aspen
whereas only 1 and 2.5 hours, respectively, were needed with the
dip procedure).

Chenmicals, after reaction, were quickly renoved by a short
vacuum cycl e because of the small size of the wood being acetylated
The recovery of remved chemcals is greatly sinplified by the
absence of catalyst and organic cosolvent in the mxture

Fl akeboards made from fl akes acetyl ated by the new dip pro-
cedure perforned nearly identically in dimensional stabilization
tests with boards made from flakes acetylated by refluxing acetic
anhydri de/ xyl ene and were superior to boards made from fl akes
acetylated with vaporous acetic anhydride alone.24’25’29

Sout hern pine and aspen flakeboards made from fl akes acety-
|ated by the new dip procedure sorbed much |less water, both in
liquid water soaking tests and in humd air, and swelled at
a lower rate and to a lower extent than did control boards.
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The EMC of flakeboards made from flakes acetylated by the dip
procedure was greatly reduced at each RH tested as conpared to
control boards. Hygroscopicity of the resulting flakeboards
decreased with increased |evel of flake acetylation.

FUTURE _RESEARCH

Research on the mass bal ance of the new acetylating procedure
is continuing, the ultimate goal being to develop a systemfor
acetylating flakes quickly, with a sinplified clean-up procedure
and reuse of the chemicala. Also under investigation is a
procedure in which only the anount of acetic anhydride needed to
achieve the desired acetyl content is added to the flakes. This
can be done by spraying acetic anhydride onto the flakes or dipping
for a shorter period of time. Studies are currently underway to
anal yze the econonics of the new system Inprovenents in bio-
| ogical protection properties are also under investigation as well
as mechanical properties of flakeboards nade from dip-acetylated
flakes.
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